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Understanding the excretion and treatment of human waste (feces and urine) 24 in low and middle income countries (LMICs) is necessary to design appropriate 25 waste management strategies. However, excretion and treatment are often difficult 26 to quantify due to decentralization of excreta management. We address this gap by 27 developing a mechanistic, stochastic model to characterize phosphorus, nitrogen, 28 biochemical oxygen demand (BOD), and fecal coliform pollution from human 29 excreta for 108 LMICs. The model estimates excretion and treatment given three 30 scenarios: 1) use of existing sanitation systems, 2) use of World Health 31
Organization-defined "improved sanitation", and 3) use of best available 32 technologies. Our model estimates that more than 10 9 kg/yr each of phosphorus, 33 nitrogen and BOD are produced. Of this, 22(19-27)%, 11(7-15)%, 17(10-23)%, and 34 35(22-47)% (mean and 95% range) BOD, nitrogen, phosphorus, and fecal coliforms, 35 respectively, are removed by existing sanitation systems. Our model estimates that 36 upgrading to "improved sanitation" increases mean removal slightly to between 17-37 53%. Under the best available technology scenario, only approximately 60-80% of 38 pollutants are treated. To reduce impact of nutrient and microbial pollution on 39 human and environmental health, improvements in both access to adequate 40 sanitation and sanitation treatment efficiency are needed. 41
Introduction 43
Global development efforts in sanitation are largely focused on promoting 44 improved technologies in regions where there is little-to-no sanitation 45 infrastructure. Specifically, the United Nations Millennium Development Goals set 46 the target to reduce, by half, the proportion of people without access to improved 47 4 being used nor that it is hygienically safe and sustainable. 3 
,4 66
The main motivation to promote access to improved sanitation technology is 67 to reduce impact on human and environmental health of pollutants, such as 68 phosphorus (P), nitrogen (N), biochemical oxygen demand (BOD), and fecal 69 coliforms. Reduction of nutrients, by decreasing concentrations released in the 70 environment, capturing waste streams, and/or treating waste streams, ameliorates 71 ecosystem impacts including the risk of eutrophication and oxygen deprivation in 72 aquatic systems. 5 Similarly, reductions of fecal pathogens reduces disease 73 transmission risks. 6 Diarrheal disease burden is an important factor driving 74 investment in sanitation technologies in LMICs: an estimated 700,000 children 75 under five years of age die due to gastroenteritis every year. 7 Fecal coliforms (FC) 76 are of particular interest as an indicator of disease transmission risk because they 77 often co-occur with pathogens (e.g., bacteria such as diarrheagenic E. coli, 78 gastrointestinal viruses, and protozoa) transmitted via the fecal-oral route. 5 
,8 79
Effective quantification and tracking of human waste (feces and urine) in 80
LMICs is needed in order to appropriately plan human waste collection and 81 treatment systems. Modern sanitation services in high income countries (e.g., 82 activated sludge systems) provide relatively high levels of treatment consistently 83 and their performance is typically monitored. 5 Conversely, the decentralized human 84 waste treatment characteristic of LMICs provides inconsistent treatment and is not 85 typically monitored for performance. Due to the lack of monitoring in LMICs, there 86 are few methods of quantifying and tracking the movement of human waste and 87 human waste components (P, N, BOD, and FC). 9-11 Efforts to track fecal sludge 88 5 through quantification and characterization have been made in Hanoi, Vietnam and 89 Kampala, Uganda. 12 Sludge accumulation was quantified based on data specific to 90 demography, onsite sanitation technologies used, fecal sludge collection and 91 transport service providers, and new data collection. 12 Fecal sludge quantification 92 and characterization in these locations required sufficient availability of 93 demographic data and access to sampling sites. 12 In the present study, we developed a framework for estimating the efficiency 111 of sanitation technologies globally by modeling nutrient and microbial pollution 112 entering the environment from human waste due to inadequate sanitation. This 113 model aims to bridge a knowledge gap between the information needed to plan and 114 provide global sanitation access and the lack of experimental human waste data. 115
Towards this goal, we account for human waste pollutant removal by including both 116 access to, and efficiency of, sanitation technologies in our model. Model input 117 parameters are based on literature reviews, country-level sanitation surveys, and 118 published estimates for sanitation technology treatment efficiency. The outcomes 119 from the model include both global and country-level estimates of P, N, BOD, and FC 120 entering the environment due to human waste under current conditions and two 121 improvement scenarios. 122
Methods 123

Model Framework 124
We developed a mechanistic-stochastic model (Figure 1 ) of fecal and urinary 125 production, treatment, and removal for 108 countries (Table S1 of Mathworks, Inc., Natick, Massachusetts, USA), using parameters and associated 141 distributions as described in Tables 1 and 2 . 142
Model Parameters 143
Probability distribution functions describing central tendency and variability 144 for each model parameter were obtained from literature reviews. Additional data on 145 derivation of probability distributions for parameters is provided in the Supporting 146
Information. Specifically, reviews were conducted to determine distributions for 147 fecal weight, diarrheal fecal weight, diarrhea duration and diarrhea incidence for 148 both adults and children. Literature was also reviewed to determine the 149 distributions of human waste pollutants in urine and feces. Survey data were 150 collected from DHS and the JMP on sanitation technology types. 2,14 Population data 151 were based on the United Nations Population Division. 15 open defecation, unimproved technologies ("pit latrine without slab", "bucket toilet", 168 "hanging toilet" and "no facility"), and uncertain technologies ("flush to somewhere 169 else" or "don't know where" and "other") were modeled as upgraded to a "pit latrine 170 with slab", the minimum technology meeting JMP's definition. Scenario III models 171 the best-case scenario by upgrading everyone to the best available technology. Here, 172
we differentially define best available technology for urban and rural areas, 173 consistent with Fry et al. 20 In urban areas, the best-case scenario is defined as 174 universal access to a piped sewer system with 100% activated sludge treatment. In 175 rural areas, the best-case scenario is defined as universal access to septic tanks or, if 176 a piped network is already available, access to an improved piped sewer with 100% 177 activated sludge treatment. We assumed rural areas were upgraded to septic tanks 178 (as opposed to piped sewers) to avoid the costly investments required for supplying The total variance explained by a linear regression model was also used to 210 determine sensitivity of model outputs to input parameters using the method of 211
Loucks et al. 21 We estimated total variance explained by a linear model of the total 212 human waste pollutants entering the environment and percent of human waste 213 pollutants removed globally as a function of all input parameters. Total explainable 214 variance was estimated using the model's R 2 value. Bivariate regression models 215 were used to estimate individual input parameter's contributions to model variance 216 again using the model's R 2 value. The model is more sensitive to parameters that 217 contribute a greater portion of the total variance. 218
Results
219
Model Parameters 220
Literature values were used to identify probability distribution functions for 221 model parameters (Table 1, Table 2 , Supporting Information). Estimates of normal 222 fecal production for adults, normal fecal production for children, diarrhea fecal 223 production for adults, and diarrhea duration for adults and children were described 224 by truncated normal distributions (Table 1) . Diarrhea feces production for children 225 11 was described by a log normal distribution (Table 1) . Distributions were truncated 226 to remove unrealistic values (i.e. less than zero). Diarrhea incidence estimates were 227 described as point values because they were reported as incidence rates with 2.5 th 228 and 97.5 th percentiles from a standard non-parametric bootstrap estimator in 229
Fischer Walker et al. 23 (Table 1) . Removal efficiency of human waste pollutants for 230 each technology type was determined from reported ranges and converted to either 231 a uniform distribution, triangular distribution or point value (Table 2) . Human 232 waste pollutant characteristic distributions were modeled as uniform or triangular 233 distributions due to insufficient data availability for estimates of variances (Table  234 1). Urine component distributions were based on Udert 24 and modeled as normal 235 distributions (Table 1 ). Adult population, child population and the percentage of the 236 population living in urban areas were modeled as point values. The analysis of the 237 correlation between GDP per capita and the percent of treated piped sewage yielded 238 a bivariate distribution for countries with GDP per capita less than or equal to 6000 239 described by a uniform distribution of (0,5) and countries with GDP per capita 240 greater than 6000 described a triangular distribution with range 0 to 100 and a 241 peak at 25 (Table 1 and Figure S1 of Supporting Information). 242
Analysis 243
The results of the Monte Carlo simulations for Scenarios I, II, and III 244 demonstrate the impact of sanitation upgrades on pollutant removal efficiency 245 (Table 3) including those practicing open defecation to pit latrines with a slab) and III (global 252 access to piped sewer or septic tank), as expected (Table 3) (Tables S2 and S3 of  260 Supporting Information). Notably, though, pollutant removal percentage is 261 substantially higher in urban settings than rural settings in Scenario III. This is a 262 result of the greater waste treatment assumed for piped waste streams (urban) as 263 compared to septic tanks (rural). 264
Sensitivity Analysis 265
The sensitivity analysis identified that the parameters with the greatest 266 influence (as indicated by Spearman's ρ, where a value of 1 signifies perfect 267 correlation) on fecal mass entering the environment are adult normal fecal weight 268 (0.96), adult diarrhea fecal weight (0.15), and adult duration of diarrhea (0.14). 269
Percent piped sewer in areas with GDP per capita greater than 6000 (international 270 dollar) is a significant parameter in total mass of phosphorus and BOD entering the 271 13 environment (Table S4 of Supporting Information). Adult normal fecal weight is a 272 significant parameter in all pollutants entering the environment except for fecal 273 coliforms. Fecal pollutant composition of urine and/or feces is significant in overall 274 pollutant entering the environment for all four human waste pollutants (Table S4 of (Table S5 of Supporting Information). Regional results follow similar 278 trends to the global simulation (Tables S4 and S5 of Supporting Information). 279
Using linear regression, the model parameters that most explained the 280 variance of both the pollutant entering the environment and the percent treatment 281 varied by the pollutant. Linear models for mass of phosphorus, nitrogen, BOD, and 282 fecal coliforms entering the environment explained 84-99% of the variance (Table  283 S6 of Supporting Information). The parameters that most explained variance were 284 amount of the pollutant in adult feces (for BOD and fecal coliforms) and/or urine 285 (for nitrogen and phosphorus). More importantly for the phosphorus model, though, 286 was weight of adult normal feces which explained 50% of the variance. This is in 287 contrast to the other pollutants, for which weight of adult normal feces explained 288 less than 5% of the variance. Linear models for percent pollutant removal explained 289 87-99% of the variance (Table S7 of It is important to note that the low percentage of pollutant removal we 359 estimate does not necessarily indicate risks to environmental and human health. 360
Risks from microbial and nutrient pollution are population density dependent. 25 and hanging toilets do not remove any human waste pollutants from the 385 environment. Finally, the model relies on the assumption that national-level GDP 386 per capita is an indicator of the fraction of waste from piped sewer that is treated. 387
Again, better data are needed on the fraction of waste that is treated from piped 388 sewer systems in LMICs. All of our study limitations are related to the need for 389 better data on waste treatment in LMICs, which was part of the motivation for 390 developing this model. 391
Shifting the focus of sanitation development from access to technology types 392 to level of waste treatment has the potential to have large impacts on reducing 393 environmental pollution due to human waste. The driver of current nutrient and 394 microbial pollution entering the environment is the removal efficiency of a few 395 select sanitation technology types. As our sensitivity analysis showed septic tank 396 removal efficiency and pit latrines with/without slab have the greatest influence on 397 removal of contaminants. Improving the removal efficiency of these technology 398 types has the potential to greatly reduce overall nutrient contamination. This is also 399 evident in the limited improvement seen in Scenario I. Currently, Millennium 400 Development Goal 7C focuses on providing sanitation at the household level as 401 defined by the type of sanitation technology, distinguished as "improved" vs. 
